We explored age differences in transformation, supervision, and coordination processes in verbal and visuospatial repetition-detection tasks. Older adults processed information more slowly and less accurately than did younger adults, especially in the visuospatial task. However, there were no process-specific age-related differences in the visuospatial domain. In the verbal domain, task conditions requiring supervision and coordination showed larger age effects than the baseline or transformation conditions. Taken together, the findings provide support for a process-and domain-specific account of age-related differences in cognitive control, which may be tied to an age-related deficit in the maintenance of two separate sets of representations.
T YPICALLY, age differences are smaller in tasks of shortterm memory, which only require storage and maintenance of information, than in tasks that require simultaneous passive maintenance and active processing of information -known as working memory tasks (for a meta-analysis, see Bopp & Verhaeghen, 2005) . Working memory is often used as a mechanism to explain age-related declines in higher order cognition (Salthouse, 1991 (Salthouse, , 1994 . Nevertheless, the exact locus of these age-related differences in working memory performance remains unclear.
Given that mere storage and maintenance demands lead to relatively small age differences, it makes sense to locate the age effect within processes associated with working memory control. However, cognitive control may not be a unitary construct, as demonstrated by recent behavioral studies (Baddeley, 1996; Miyake et al., 2000; Oberauer, Süss, Schulze, Wilhelm, & Wittmann, 2000; Oberauer, Süss, Wilhelm, & Wittmann, 2003) and neuroimaging studies (Collette & Van der Linden, 2002; Kane & Engle, 2002) . Our research is informed by a factor-analytic study in which Oberauer and colleagues (2000) confirmed the existence of three functional, or process specific, categories of cognitive control: processes of storage and transformation (here labeled only as transformation), supervision, and coordination. In that study, transformation was defined by tasks requiring processing as well as simple storage of information. Processing is defined as any requirement that goes beyond mere storage and rote rehearsal. Backward digit span and memory-updating tasks are examples of tasks primarily in this category. Supervision refers to the need to monitor and control processing. Supervision tasks require the selection of information to attend to for processing and subsequent storage, as well as the suppression of irrelevant information. Category generation tasks and switching tasks are examples of tasks that require primarily supervision (Oberauer et al., 2000) . Finally, coordination requires simultaneous access to distinct storage channels in order to integrate the stored information. Oberauer and colleagues (2000) included alphabet span and tracking tasks in this category, and they further described several tasks (such as reading span) as requiring processes from all three dimensions.
Each and any of these processes could be the locus of age differences. All have been claimed or shown to be age sensitive (transformation, as measured by memory-updating tasks, in Shaw, 1991 and Van der Linden, Bredart, & Beerten, 1994 ; supervision, as measured by local task switching, in Kramer, Hahn, & Gopher, 1999; Salthouse, Fristoe, McGuthry, & Hambrick, 1998; ; and coordination, as measured by alphabet span, in Fisk, Cooper, Hertzog, Anderson-Garlach, & Lee, 1995; and Rousseau & Rogers, 2002 ; but see Belleville, Rouleau, & Caza, 1998) . To the best of our knowledge, however, no studies have explicitly compared age differences in all three aspects of working memory control processes simultaneously. Our study was designed to do exactly that.
An additional dimension to the study concerns another fractionalization of working memory, namely by stimulus domain: verbal or visuospatial. Visuospatial working memory tasks typically yield larger age differences than verbal working memory tasks do (Hale & Myerson, 1996; Jenkins, Myerson, Hale, & Fry, 1999; Jenkins, Myerson, Joerding, & Hale, 2000; Myerson, Hale, Rhee, & Jenkins, 1999; ; for an exception, see Park et al., 2002) . It might be possible that there is differential domain-dependent age sensitivity for specific cognitive control processes as well. Alternatively, it is possible that these differences reflect general age-related difficulties with visuospatial information, in which case we would expect main effects of domain with no interactions concerning control processes.
For our study, then, we needed a task that had a perfect analogue in the verbal and visuospatial domain and that lent itself to manipulations reflecting the three cognitive control processes. We used a repetition-detection task, designed by K. Bopp. This task requires participants to find a repeated stimulus in a series of stimuli (digits in the verbal condition and locations in the visuospatial condition). The task is comparable withtask (Verhaeghen & Basak, 2005) , with the additional requirement that the participant withholds responding until the entire series is presented. We manipulated cognitive control requirements (for details, see the Methods section) to create four separate, yet comparable, conditions. An additional advantage of this task is that it allows examination of potential cognitive control components without confounding task demands. Furthermore, the repetition-detection task requires a single answer regardless of storage demands, thereby reducing output interference.
A further advantage of the repetition-detection task is that it allows for the examination of two response dimensions: accuracy and processing time. Accuracy provides information regarding the availability of the correct answer. Processing time, measured as self-paced presentation time for each stimulus, provides more direct information about the rate of stimulus encoding and comparison. We are particularly interested in the processing time before the repeat on accurate trials, as this gives the purest measure of encoding and comparison times. Processing time for the repeated stimulus likely involves an additional decision and target-storage stage; after presentation of the repeat, processing is no longer necessary.
METHODS

Participants
We tested 33 younger adults and 29 older adults. We set an accuracy criterion of 85% correct responses for the average of the verbal and visuospatial baseline conditions. This removed 3 younger adults and 7 older adults from the analysis, leaving 26 younger and 22 older adults in the sample. None of the participants in the sample were color blind. 
Tasks
A trial consisted of 10 stimuli, presented one at a time in the center of a computer screen. The stimuli were presented in alternating red and blue; the background was black. In the verbal conditions, the stimuli were single digits (0 excluded); for the visuospatial conditions, the stimuli were ''locations'' in a white 3 3 3 grid, indicated by an ''X.'' Figure 1 illustrates the task conditions. In the baseline task, a series of 10 stimuli (numbers or Xs in locations) was presented for each trial; one of the stimuli was repeated. At the end of the series, the participant was instructed to identify the repeat. The verbal and visuospatial conditions differed only by the type of stimuli. In the transformation task, an arrowhead directed the participant to make a required stimulus transformation. For the verbal condition, the participant was presented with a digit accompanied by a left-pointing or right-pointing arrowhead. If the arrowhead pointed to the left, the participant was required to subtract one from the number presented; if the arrowhead pointed to the right, the participant was required to add one to the number presented. In the visuospatial condition, a right, left, up, or down arrowhead was presented in the grid. The participant had to mentally move the location of the stimulus one square, as directed by the arrow, and remember the pointed-to locations. The participant was instructed to store each solution of the transformation (not the stimulus presented) and to identify the repeated solution in the series. Therefore, the condition required participants to find the repeat within a series of transformed items. In the supervision condition the participant was required to identify the repeated stimulus within the red as well as within the blue series. At the end of the sequence, a computer prompt was presented randomly in either red or blue to indicate which repeat to enter into the number pad. This condition required careful monitoring and separate storage of each color series in order to find a repeat within each. In addition to the baseline condition requirements, switching between streams is required in order to maintain each color series separately. For the coordination condition the participant was asked to identify a repeated number or location that occurred in both (i.e., across) the red and blue series. As in the supervision condition, the streams (as designated by their color) had to be separated and monitored, but, in addition, a comparison across the two streams was required in order to find the stimulus that occurred in both. The supervision and coordination conditions included both within-color and acrosscolor repeats. This ensured that the participant was tuned to the specified type of repeat. Therefore, there is a requirement to ignore distractor repetitions.
There were 72 trials presented for each condition, plus 10 practice trials. Participants sat at a comfortable distance from the screen (approximately 70 cm). The actual size of the numbers for the verbal condition was 1.6 cm 3 1 cm, and this increased to 1.6 cm 3 2 cm with the arrow for the transformation condition. For the visuospatial task, the 3 3 3 grid presented in the center of the screen, in white, was 7 cm 3 5.6 cm; each X or arrowhead measured 1.2 cm 3 0.8 cm. The participant controlled the speed of presentation by pressing the space bar when he or she was ready for the next stimulus. After all 10 stimuli of each trial were presented, a prompt appeared in the center of the screen (''type your answer'') until the participant entered his or her answer. For the verbal task, the participant entered the answer as the corresponding digit on the number pad; for the visuospatial condition the participant pressed the number-pad key corresponding to the spatial location of the repeat. A lag of three (2 stimuli between repeats) was used in all conditions. In the postexperiment debriefing, none of the participants indicated catching on to this constant delay. Note that, for the supervision condition, lag is counted within the color stream (i.e., two red or two blue stimuli between repeats). The computer provided auditory and visual feedback for incorrect answers only. Participants were instructed to emphasize speed and accuracy equally. Participants were given breaks after every 25 trials.
Procedure
We spread testing over 4 days and scheduled it so that the first and last sessions were no longer than 7 days apart. We administered the Mill Hill Vocabulary Test (Raven, 1965) and the Revised Wechsler Adult Intelligence Scale (WAIS-R) Digit Span Test and Digit Symbol Test (Wechsler, 1981) either at the beginning or end of one of the sessions. We conducted each condition on a separate day in each domain, always in order of baseline, transformation, supervision, and coordination. We counterbalanced the order of the verbal and visuospatial version of the tasks between participants. (We initially conducted all analyses of variance, or ANOVAs, with order of task version as an additional factor. We obtained no significant main effects or interactions with order, and therefore we dropped this factor from the final analyses.) We had the instructions read out loud to the participants while they read along before they began each condition. Each session lasted approximately 1 hour.
RESULTS
Accuracy
The reliability of the accuracy measures was satisfactory. All Cronbach alpha coefficients were larger than a ¼ 0.85, with the exception of the baseline condition in the verbal domain, a ¼ 0.56, and the baseline condition in the visuospatial domain, a ¼ 0.80. This lower reliability in the baseline conditions may be due to range restriction, as shown in Figure 2 .
We analyzed data with a 2 3 4 3 2 repeated-measures ANOVA (Domain 3 Condition 3 Age). Younger adults detected significantly more repeats In two of our conditions, supervision and coordination, different types of errors can be distinguished. In the supervision condition, three stimuli are repeated: one in each of the two processing streams, and one across streams. Three types of errors can occur: The participant can answer with the digit repeated in the nonquizzed string, with the digit repeated across strings, or with any other digit. On average, the younger adults were correct 79% of the time (SE ¼ 3.4); they answered with the nonquizzed string in 2% of the cases (SE ¼ 0.4), with the crossstring repeat in 11% of the cases (SE ¼ 1.7), and with any other digit in 8% of the cases (SE ¼ 2.0). For the older adults, these numbers are 67% (SE ¼ 2.7), 5% (SE ¼ 1.0), 14% (SE ¼ 1.5), and 13% (SE ¼ 2.0), respectively. Intrusion errors, that is, errors in which the participant responds with either the repeat in the nonquizzed string or the cross-string repeat, are of particular interest because such errors likely signify problems with supervisory control: An intrusion error is likely based on familiarity-driven processing with insufficient monitoring to keep the two streams separate. The proportion of intrusions over all answers pertaining to one of the repeated stimuli (i.e., intrusions plus correct answers) is 22% (SE ¼ 2.4) in the older adults versus 14% (SE ¼ 2.4) in the younger adults, t(46) ¼ 2.43, p ¼ .019, indicating more frequent supervisory problems in older adults.
In the coordination condition, the participant can answer incorrectly with either of the within-string repeats (intrusion errors, again signifying problems with controlled processing of the streams), or with any other digit. Younger adults were correct in 74% of the cases (SE ¼ 3.7); they made within-string errors in 13% of the cases (SE ¼ 2.1) and other digit errors in 13% of the cases (SE ¼ 2.0). For the older adults, these numbers are 55% (SE ¼ 4.5), 28% (SE ¼ 2.9), and 17% (SE ¼ 2.2), respectively. The proportion of intrusions over all answers pertaining to one of the repeated stimuli is larger for older adults than for younger adults, 35% (SE ¼ 4.1) versus 16% (SE ¼ 2.9), t(46) ¼ 3.86, p , .001.
Processing Time
We divided processing times (PTs) for correct trials into three categories for the median time per item before, at, and after the presentation of the repeat. A minimum of three (and up to nine) items could be included in the before-PT category, given the constant lag of three. Only one PT was available to calculate the time spent processing the target repeat. Finally, we used zero (if the repeat was in the last position) or up to six PTs for the after-repeat category. In a first analysis, we examined the three types of PT in an omnibus repeated-measures 3 3 2 3 4 3 2 ANOVA (PT Type 3 Domain 3 Condition 3 Age). We found a main effect of PT type, F(2, 92) ¼ 106.79, p , .001. PT during presentation of the repeat was slowest (M ¼ 1481, SE ¼ 60.80), followed by PT before presentation of the repeat (M ¼ 1293, SE ¼ 50.78); PT after presentation of the repeat was fastest (M ¼ 725, SE ¼ 22.94). The Age 3 PT Type interaction was significant, F(2, 92) ¼ 4.50, p ¼ .014. This interaction, however, did not survive logarithmic transformation, indicating that the covariation of age differences with PT type is proportional, and thus is likely an artifact of general slowing (Faust, Balota, Spieler, & Ferraro, 1999) .
We conducted the remaining analyses on the median PT per item before presentation of the repeat. We used only reaction times for correct trials. Reliability of these processing times was high, all as . 0.99. Figure 3 depicts 
DISCUSSION
We examined the locus of age differences in working memory tasks by probing PTs and accuracy for participants performing a repetition-detection task under a baseline condition and three conditions that each tapped a distinct cognitive control process: transformation, supervision, or coordination, as defined by Oberauer and colleagues (2000, 2003) . Before we turn to the examination of age effects in cognitive control, we briefly highlight some of the general cognitive findings of the study, as well as more general age effects.
General Cognitive Effects
Our task is new. It is therefore important to investigate whether it worked as advertised. One indication that our cognitive control manipulation worked is that all three cognitive control conditions yielded longer PTs and lower accuracy than the baseline condition.
Our data also show that the control processes occur essentially online; that is, participants make their decision in the course of the trial, rather than storing the entire sequence and making a decision regarding the repeat at the end of the trial. This is evidenced, first, by significantly shorter PTs after occurrence of the repeated number, indicating that participants stop encoding new items once the repeat item has been discovered, and, second, by longer PTs when the repeat is displayed on the screen, which are likely due to an added decision component and the need to mark this item for retrieval at the end of the trial.
The accuracy data further show that participants do quite well on the task; the lowest level of accuracy in any condition is around 55% (chance is at 11%, i.e., 1/9). This strongly suggests that participants are able to keep the streams separate within working memory and coordinate them when necessary, even with relatively fast encoding and comparison times (around 1 s for younger adults). The data of the supervision and coordination condition are particularly telling. Within each series of 10 stimuli, three digits are repeated (one within each stream, one across streams). If participants did not monitor the task well enough to keep the two streams separate, mere familiarity might lead them to divide their responses equally between the correct answer and one of the three incorrect repeats (an ''intrusion'' error). This is not the case: In the supervision condition, 74% of responses are correct, 3% of the responses concern the repeat in the opposite stream, and 11% concern the cross-stream repeat; in the coordination condition, 65% of the responses are correct, and 20% concern the within-stream repeats.
We apparently succeeded in creating a visuospatial task that is analogous to the verbal task, at least for the younger adults (for the Age 3 Domain interaction, see the next section): There were no main effects for task domain in either accuracy or response time. This equivalence of response times suggests that stimuli in each of the domains are processed in their own right; if participants used a strategy of translating stimuli from one domain to the other, response times would be slower for the domain to be translated.
We note that our use of only a single task per category can be interpreted as a disadvantage, in that it results in a more narrow definition of these processes, compared with the use by Oberauer and colleagues (2000) of a broad variety of tasks with various stimuli and methods within each processing category. Replication of our results with a broader array of tasks would be desirable.
Overall Age Effects
Our data replicate three typical findings in cognitive aging research. First, older adults performed significantly slower than did younger adults on all processing conditions. Age-related slowing factors ranged from 1.4 to 1.6, which is consistent with typical slowing values in cognitive aging (Cerella, 1990) .
Second, we found age differences in accuracy, consistent with previous findings of an age-related decline in working memory (e.g., Bopp & Verhaeghen, 2005) . On average, younger adults detected 81% of the repeats, and older adults detected 72%; expressed as a mean standardized difference, the difference equals 0.87 SD. This age difference is very close to the meta-analytic estimate of a 0.81-SD difference in working memory span (Verhaeghen, Marcoen, & Goosens, 1993) .
Third, we found that age effects were larger for the visuospatial domain than for the verbal domain. This was true for both accuracy and response time. Although previous research has found support for greater age differences on visuospatial tasks compared with verbal tasks (e.g., Hale & Myerson, 1996; Jenkins et al., 2000) , there is also evidence against age differences between domains (Park et al., 2002) . As far as we know, our study is the first to examine the crossing of processing and domain conditions in both younger and older adults in tasks that are close analogues.
The source for the verbal-visuospatial age-related dissociation is unclear. One (unlikely) possibility is that older adults, but not younger adults, translate the visuospatial data into verbal data. The average time for this recode would then be 216 ms in older adults (i.e., the average age difference in the visuospatial domain minus the average age effect in the verbal domain, or 639 ms -423 ms). This time seems exceedingly short. It could be argued that this modest increment in PT at the group level might be due to spatial-to-verbal recoding by some, but not all, of the older adults. This then would lead to increased interindividual variability in older, but not younger, adults on the visuospatial tasks as compared with the verbal tasks. Figure 3 , however, shows that the standard errors for the verbal and visuospatial tasks are roughly identical. In addition, if older adults recoded the visuospatial stimuli, this effect should operate in all conditions and lead to an additive effect compared with the PTs in verbal tasks. This was not the case: The specific age-related deficit in verbal supervision and coordination was not replicated in the visuospatial task.
Age Effects on Control Processes in Working Memory
We obtained two main results with regard to aging and cognitive control. First, we did observe specific age-related deficits in some aspects of cognitive control -namely verbal supervision and verbal coordination -over and beyond the age-related deficits in the baseline condition. This finding goes against any theory that would posit that observed deficits in cognitive control are merely due to general slowing. Second, we found that not all aspects of cognitive control suffered from the ill effects of aging. Specifically, both the verbal and visuospatial transformation condition, in which the participant is required to simultaneously maintain and actively process information, did not yield age-related effects over and beyond the age-related effects observed in the respective baseline conditions (see also Emery, Myerson, & Hale, in press ). Moreover, in the visuospatial domain, none of the cognitive control manipulations showed deficits over and beyond the agerelated effect observed in the baseline condition.
Three additional aspects of our findings deserve highlighting. First, our results strongly suggest that there is no specific age deficit in the control process of transformation. This lack of dissociation between the baseline condition and transformation condition is not at all expected. At least two prominent aging theories would have predicted such a dissociation. First, the transformation condition requires storage of the transformed and not the originally presented stimuli, and this presumably would require intact inhibitory control (sometimes labeled resistance to interference). Our finding therefore goes against theories that state that aging is associated with a breakdown in inhibitory control (e.g., Hasher & Zacks, 1988) . Second, the transformation condition requires simultaneous online manipulation and storage of the stimuli, which some theories predict would lead to larger age differences (Mayr & Kliegl, 1993; Verhaeghen, Kliegl, & Mayr, 1997) .
Second, our results suggest a between-domain dissociation in control processes. We found specific age-related effects in supervision and coordination in the verbal domain but not the visuospatial domain. Such bifurcation was not expected: As far as we know, theories about cognitive control are not domain specific, and neither are age theories about cognitive control. As ours is the first demonstration of this effect, we should probably await replication before attaching too much importance to this finding. Furthermore, sample size is relatively small, and this may have caused us to miss some significant effects.
Third, our results indicate that, in the verbal domain, the age deficit in the control process of coordination is not larger than the effect in supervision. We note that both conditions effectively require supervision; that is, both conditions require the participant to monitor two channels of information and switch between them. The coordination condition imposes an additional requirement over and beyond supervision, namely the requirement to access both channels simultaneously. This extra process, then, is not age sensitive, and the age-related deficit often found in coordinative tasks (e.g., Verhaeghen, Steitz, Sliwinski, & Cerella, 2003) may well originate from the supervisory demands of such tasks. This deficit in the supervision process is also noticeable in the types of errors made: Both in the supervision and coordination condition, older adults erroneously identified the wrong repeat more often than younger adults did (23% vs 14% and 35% vs 16%, respectively). It seems, then, that there is considerably more cross-talk between processing streams in older adults than in younger adults.
The literature on attention and aging suggests that the need to maintain dual task sets is a necessary condition for an age-related dissociation to occur, whereas selecting between active task sets is age insensitive over and beyond the effects of general slowing in the baseline tasks (for a review of meta-analyses, see . One requirement that taskswitching procedures and dual-task procedures have in common with the supervision and coordination conditions in the present study is the need to maintain two sets of representations while keeping them identifiably separate. It is possible that the agerelated deficit in these conditions ultimately can be traced to the well-known deficit in associative binding (e.g., NavehBenjamin, Hussain, Guez, & Bar-On, 2003; Oberauer, 2005) . In the present study, this deficit could result in impaired binding of an item's identity to its color. Whatever the ultimate explanation, however, it will need to accommodate the surprising finding that maintenance of dual task sets differentially affected older adults' performance in the verbal task conditions, but not in the visuospatial task conditions of this study.
